Electrochemical processes at gold ∣ thiourea-containing aqueous acid solution interfaces by Bolzán, Agustín Eduardo et al.
Electrochemical processes at gold j thiourea-containing aqueous acid
solution interfaces
A.E. Bolzán *, R.C.V. Piatti, A.J. Arvia
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Abstract
The electrochemical behaviour of thiourea (TU) on gold in acid solutions is investigated in the range /0.2 to 1.7 V (versus
standard hydrogen electrode) by conventional and triangularly potential modulated voltammetry, rest potential (Erest)
measurements, rotating disk and rotating ring-disk techniques. The value of Erest is determined by an electrochemical reaction
involving formamidine disulphide (FDS), adsorbed TU and soluble [Au(TU)2]
 species. For TU concentrations (cTU) in the range
10/cTU0/50 mM, Erest decreases linearly with log cTU with a slope of approximately /0.090 V decade
1, while in the range 0.10/
cTU0/0.25 mM, it approaches /0.120 V decade
1. Conventional and triangularly modulated voltammetry data indicate the quasi-
reversible adsorption of TU occurring in the range /0.20/E 0/0.1 V, and the electro-oxidation of TU to FDS in the range 0.20/
E 0/0.9 V, occurring simultaneously with the electrodissolution of gold yielding soluble [Au(TU)2]
 species. Both the electro-
oxidation of TU and the electrodissolution of gold are under mass transfer control influenced by adsorbate formation. Different
adsorbates from TU are produced depending on the adsorption potential and time. The electro-oxidation of these adsorbates in the
range 0.9/1.7 V yields sulphate, carbon dioxide and CN residues. Reaction products are consistent with previous STM and FTIRS
data. Comparative electrochemical data from FDS- and sulphide-containing solutions are also presented. Reaction pathways in
which the participation of different adsorbates is considered, are discussed.
# 2003 Elsevier Science B.V. All rights reserved.
Keywords: Gold; Thiourea; Adsorbates; Formamidine disulphide; Electro-oxidation; Dissolution
1. Introduction
In recent years, interest in the electrochemical pro-
cesses at different metal j thiourea (TU)-containing
aqueous solution interfaces has increased both for the
understanding of fundamental aspects of electrochemi-
cal interfaces involving sulphur-containing molecules on
single crystal metal surfaces [1,2] and for the determina-
tion of the properties of TU as an additive in different
technological applications. At low concentrations, TU is
used as an additive in the electrodeposition of metals
such as copper from acid solutions [3], whereas, at high
concentrations, it is considered as a possible leachant in
hydrometallurgy for the recovery of gold and silver from
minerals [4/10]. These applications are related to the
complexing properties of TU for those metals [11/15].
In fact, for gold, a number of complexes involving the
[Au(TU)2]
 cation, such as [Au(TU)2]Br [16],
[Au(TU)2]Cl [17] and [Au(TU)2]2SO4 [17], have been
produced, isolated and identified by X-ray diffractome-
try.
Recently, it has been shown that the electro-oxidation
of TU on gold in acid solutions takes place in the
potential range of both gold immunity and gold corro-
sion [4], although the relative contributions of the TU
and gold electro-oxidation reactions depend on both the
TU concentration (cTU) and the range of applied
potential. However, although the overall electro-oxida-
tion process has been studied by a number of conven-
tional electrochemical techniques [4,8,18,19], the
available kinetic data and conclusions on the reaction
mechanism are not thoroughly consistent.
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The electrodissolution of gold has been studied in
aqueous TU solutions containing either acid [18] or
alkali [10]. For the latter, the reaction is partially
hindered due to passivation of gold by elemental
sulphur from the irreversible decomposition of TU.
This reaction can be suppressed by the addition of
sodium sulphite that increases the stability of TU in
solution and simultaneously reduces the electrodissolu-
tion potential of gold by decreasing its apparent
activation energy [10]. In acid, gold electrodissolution
proceeds with 100% efficiency for E B/0.3 V (standard
hydrogen electrode, SHE), while for E /0.3 V the
reaction is accompanied by TU electro-oxidation to
formamidine disulphide (FDS) and byproducts, decreas-
ing the efficiency of the reaction [18]. Soluble TU-gold
complexes are also formed in aqueous TU solutions
containing ferric ions as the oxidant [8]. In this case, the
reaction occurs via intermediate ferrous gold(I) species
and the formation of gold-TU complexes by oxidation
of TU to FDS with ferric ions. The formation of a stable
ferric sulphate complex in ferric sulphate-containing
acid solutions contributes, under batch operating con-
ditions, to the depletion of TU [20].
In situ FTIRS measurements [21] have shown that at
potentials below 1.2 V (SHE), the electro-oxidation of
TU on gold produces soluble [Au(TU)2]2SO4 concomi-
tantly with the electro-oxidation of TU to FDS. Once
the electrode potential reaches the threshold potential
related to the formation of the oxygen-containing layer
on gold, carbon dioxide, sulphate ions and CN-contain-
ing species in solution are formed.
Most of the reported work has focused on gold j TU
aqueous solution interfaces in the cTU and potential
ranges of gold dissolution, i.e. at relatively high con-
centrations of TU and low anodic overvoltages. There-
fore, it is convenient to extend the study to low
concentrations of TU and high positive potentials where
the oxygen-containing layer on gold is formed. The
results will demonstrate that the electrochemical pro-
cesses that have been described for leaching conditions
will also be observed at low concentrations of TU.
This work deals with the electrochemical processes at
gold j TU-containing and gold j FDS-containing aqu-
eous acid interfaces over the range of potentials related
to the thermodynamic stability of water. Conclusions
from the participation of TU electrosorption reactions
are derived from data resulting from different electro-
chemical techniques, which can be contrasted with STM
patterns of TU on gold (1 1 1) [2,22]. Likewise, conclu-
sions about product formation and reactant disappear-
ance that are reported in this work have been confirmed
by in situ FTIRS data [21]. Results allowed us to
distinguish different electroadsorption and electroche-
mical reactions of TU and FDS on gold in acid, as well
as gold complex formation. Competitive electroadsorp-
tion processes involving TU and FDS adsorbates can be
considered precursors of the appearance of gold com-
plex ion formation in solution. Accordingly, a pathway
for TU electro-oxidation on gold in acid and its role in
the gold electrodissolution process can be advanced.
2. Experimental
First, the rest potential (Erest) of gold in TU-contain-
ing 0.5 M sulphuric acid under either nitrogen or oxygen
saturation was determined in the range 0.10/cTU0/50
mM. Similar experiments were made in 0.09 mM
[Au(TU)2]2SO4/TU-containing 0.5 M sulphuric acid
under nitrogen saturation in order to set a constant
concentration of gold-TU complexes in solution. The
values of Erest were stable for at least 30 min.
Voltammetric runs were made to determine the
potential range of the different electrochemical pro-
cesses. For this purpose, a conventional glass electro-
chemical cell with a working polycrystalline gold wire
electrode (0.25 cm2 geometric area, J. Matthey, spec
pure), a large platinum sheet (2 cm2 apparent area), as
the counter electrode, and a mercurous sulphate elec-
trode were utilised. The working electrode was polished
mechanically with alumina and rinsed with Milli-Q
water before each experiment. Its real surface area
A/0.69 cm2, was determined from the voltammetric
oxygen layer electroreduction charge [23]. For the
detection of soluble reaction products and the determi-
nation of kinetic parameters related to diffusion con-
trolled reactions, voltammetric runs using a rotating
gold disk (RDE) and a rotating gold-disk/gold-ring
electrode (RRDE) were also performed. The geometric
area of both disk electrodes was A/0.12 cm2, and the
RRDE collection efficiency N/0.24. Both the lower
(El) and the upper (Eu) potential limits were adjusted,
attempting to separate the different electrochemical
processes occurring during gold anodisation. Potential
scan rates were varied in the range 0.0050/v0/0.50
V s1, and working electrode rotation speeds in the
range 00/v0/7000 rpm.
To investigate the early stages of TU/FDS redox
couple formation, runs were made using triangularly
modulated (TM) linear potential voltammetry. This
technique [24] is useful for discovering fast surface
electrochemical processes occurring in the ms range
[24/27]. Briefly, it consists of a slow, either linear or
triangular potential scan modulated with a relatively
fast triangular potential signal of frequency (f ) and
small amplitude (Am). The latter provides a sequence of
fast potential scan voltammograms of the reacting
system superimposed to the slow potential scan. The
shape of the current/potential envelope and its depen-
dence on f and Am provide a way to find the optimal
coupling between the modulating signal and the rate of
the electrochemical reaction by adjusting f and Am. For
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the present work, Am and f were set to 0.040 V, and in
the range 0.10/f 0/3 kHz, respectively.
The electrosorption of TU on gold was studied by
first immersing the electrode in either 0.1 or 0.5 mM
TU/0.5 M sulphuric acid for an adsorption time 00/
tad0/900 s and holding the electrode potential at Ead in
the range 0.050/Ead0/1.05 V. Subsequently, the elec-
trode, held at Ead, was removed from the cell, rinsed
with Milli-Q water, and immersed in 0.5 M sulphuric
acid at E/0.05 V. Following this, a voltammogram at
v/0.05 V s1 from 0.05 to 1.65 V to electro-oxidise TU
adsorbates, and backwards to 0.05 V was run.
As adsorbates from either FDS or sulphide species
might be related to those produced from TU, voltam-
mograms of gold in 1 mM FDS/0.5 M sulphuric acid,
and 1 mM sodium sulphide/0.5 M sulphuric acid were
also recorded.
Aqueous working solutions were prepared from TU
(Fluka, puriss.), FDS dihydrochloride (ICN, 97%),
sodium sulphide (Merck, p.a.), sulphuric acid (97%
Merck, p.a.) and Milli-Q* water. Before and during
each experiment freshly prepared solutions were kept
under nitrogen saturation.
A conventional potentiostat and a waveform genera-
tor were used for voltammetry. RRDE experiments were
made with a type BI-PAD Tacussel bipotentiostat. Runs
were made at 298 K. Electrode potentials in the text are
given on the SHE scale.
3. Results
3.1. Rest potentials
For gold in TU-containing 0.5 M sulphuric acid,
irrespective of whether the solution is under either
nitrogen or oxygen saturation, the value of Erest
decreases with log cTU (Fig. 1). The Erest versus log cTU
plot exhibits a reasonable straight line with a slope
/0.09 V decade1 in the range 10/cTU0/50 mM, this
slope being also observed in solutions containing 9/
102 mM of [Au(TU)2]2SO4, although for the latter the
values of Erest are shifted to more negative values.
Otherwise, for 0.25B/cTUB/1 mM, the values of Erest
approach a straight line with a slope of /0.120
V decade1. The above description is valid for data
from nitrogen and oxygen saturated solutions at con-
stant cTU, although values of Erest from the latter are
slightly more negative than those from the former




Cyclic voltammograms of gold in 1 mM TU/0.5 M
sulphuric acid run at v/0.05 V s1 from El//0.05 to
Eu/1.6 V show three anodic (Ia, IIa and IIIa) and two
cathodic (Ic, IIIc) peaks (Fig. 2). For the sake of
Fig. 1. Plots of Erest versus cTU. TU-containing aqueous 0.5 M
sulphuric acid under nitrogen (j) and oxygen (m) saturation. (k)
c[Au(TU)2]2SO4/9/10
5 M under nitrogen saturation. 298 K.
Fig. 2. Cyclic voltammogram of gold in 1 mM TU/0.5 M sulphuric
acid (full trace); gold in aqueous 0.5 M sulphuric acid (blank)
voltammogram (dotted trace); v/0.05 V s1. 298 K.
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comparison a conventional voltammogram of gold in
aqueous 0.5 M sulphuric acid is included in the figure.
The pair of peaks Ia (0.62 V) and Ic (0.22 V) resembles
that previously found for platinum [28] and copper [29].
This pair of peaks has been related to the TU/FDS
redox system [30]. The anodic peak IIa at approximately
1.28 V is related to the electro-oxidation of gold as
gold(I)/TU complex ions (hereafter denoted as gold
complex ions) and the formation of byproducts from
TU electro-oxidation [28]. Peak IIIa at 1.44 V can be
associated with the formation of an oxygen-containing
layer on gold from water electroadsorption yielding OH/
O surface species [23,31,32]. The reverse scan shows
peak IIIc at 1.05 V and a small cathodic hump that
corresponds to the electroreduction of the oxygen-
containing layer on gold. The small cathodic limiting
current from 0.4 V downwards that overlaps peak Ic is
related to the electroreduction of gold complex ions.
The voltammetry of the electrosorption of TU and the
TU/FDS redox system on gold were investigated in the
range of /0.2 to 0.9 V. Stabilised voltammograms run
in the range between El/0.05 and Eu/0.9 V exhibit a
single anodic peak Ia and two overlapping cathodic
peaks Ic and IIc (Fig. 3a). The height of peaks Ia, Ic and
IIc increases with v . The peak IIc/Ic height ratio
increases with cTU (Fig. 3b and c). On the other hand,
when Eu is set at the potential of peak Ia, during the
negative potential scan only peak Ic is observed (Fig. 3b
and c, dashed trace), and simultaneously the cathodic
current at the initial part of the reverse scan decreases
(Fig. 3b and c). These results confirms that peak Ic is
related to the electroreduction of FDS to TU, whereas
peak IIc is related to the electroreduction of soluble gold
complexes, their concentration increasing with both cTU
and Eu.
For cTU0/0.1 mM, the height of peak Ia increases
with v/1=2 approaching a single straight line plot (Fig. 4a).
Conversely, for cTU/0.1 mM the plot shows two
straight lines, one for vB/0.05 V s1 and another for
v/0.05 V s1 (Fig. 4a and b). The slope of these linear
plots increases with cTU, although in a way more
complicated rather than that expected for a single
electrochemical reaction under diffusion control [33].
The height of peak Ia is proportional to cTU over the
whole range of cTU (Fig. 4c). Nevertheless, these plots
also show that as v is increased, the straight line tends to
exhibit a small positive ordinate at v/0.
For those runs showing a single linear Ipa versus v/
1=2
relationship, the voltammetric current peak is given by
[33]
Fig. 3. (a) Cyclic voltammogram of gold between /0.2 and 0.9 V in:
(a) 1 mM TU/aqueous 0.5 M sulphuric acid at different v values; (b)
1 mM TU/aqueous 0.5 M sulphuric acid at v/0.05 V s1; (c) 10 mM
TU/aqueous 0.5 M sulphuric acid at v/0.5 V s1. 298 K.
Fig. 4. (a and b) Plots of height of peak Ia versus v/1=2 for different cTU
values; (c) plot of the height Ia versus cTU for different v values.
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Ipa2:6910
5n2=3AD1=2v1=2cTU (1)
where n and D are the number of electrons and the
diffusion coefficient of the reactant in the bulk of the
solution, respectively, and A is the electrode area. Thus,
taking the slope of DIpa/Dv/1=2//2/105A V/1=2/ s/1=2;
cTU/1/10
7 mol cm3, n/1, A/0.25 cm2, then it
results in D/8.8/106 cm2 s1, a figure that agrees
with the values of D for TU reported in Refs.
[28,29,34,35].
The Gaussian deconvolution of peaks Ic and IIc for
cTU/1 mM (Fig. 5a) shows that the charge density of
peaks Ic (qIc) and IIc (qIIc) decreases as v is increased,
though the latter decreases rather faster than the former
(Fig. 5b). Accordingly, the charge ratio qIc/qIIc increases
from approximately 0.5, for v/0.02 V s1, to approxi-
mately 5 for v/0.5 V s1, i.e. as v is increased, the
contribution of peak Ic increases at the expense of peak
IIc. These results indicate that as v0/0 the yield of
soluble gold complex electroformation tends to be
greater than that from FDS electroreduction.
On the other hand, the potential of peaks Ic (EpI) and
IIc (EpII) decreases almost linearly with log v with slopes
of approximately 0.0309/0.005 and 0.0609/0.010
V decade1, respectively (Fig. 6a). Concomitantly, the
difference EpI/EpII increases with v . These results are
consistent with a process under intermediate kinetics,
i.e., a diffusion control reaction, its kinetics being
influenced by the presence of adsorbates. Then, from
the slopes of the linear Ep versus log v plots, the Tafel
slopes (bT) of processes associated with peaks Ic and IIc
result in bT//0.06 and /0.120 V decade
1, respec-
tively.
The height of peak Ic increases linearly with v/1=2 while
the height of peak IIc exhibits a linear increase with v/1=2
only at low v . For v/0.04 V s1, this plot deviates
from linearity tending asymptotically to a limiting value
of IpII#/10 mA (Fig. 6b).
Conventional and modulated voltammetry experi-
ments were also performed to investigate the behaviour
of TU electrosorption on gold. Stabilised cyclic voltam-
mograms of gold in 1 mM TU/0.5 M sulphuric acid
run from El/0.05 V to Eu/0.8 V exhibit only peaks Ia
and Ic (Fig. 7, full trace). However, as El is shifted from
0.05 to /0.2 V, the first negative potential scan shows a
large contribution of peak IVc at approximately /0.1
V, and the subsequent reverse scan exhibits peak IVa at
/0.05 V (Fig. 7, dotted line). The charge of these peaks
decreases on cycling between /0.2 and 0.8 V, and
simultaneously the height of peaks Ia and Ic decreases.
Fig. 5. (a) Deconvolution of peaks Ic and IIc from voltammograms
run at different v values in 1 mM TU/aqueous 0.5 M sulphuric acid;
(b) charge of peak Ic (j) and IIc (k) and their charge ration (^)
versus v plot resulting from the deconvolution. 298 K.
Fig. 6. Peak potentials versus v (a) and peak height versus v/1=2 (b)
plots for peaks Ic and IIc resulting from deconvolution. 298 K.
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Eventually, when El is set back to 0.05 V, the charge of
peaks Ia and Ic becomes considerably small and the
potential of peak Ic shifts negatively (Fig. 7, dashed
line).
Otherwise, the voltammograms of freshly polished
gold in 1 mM TU/0.5 M sulphuric acid, started from
E/Erest to /0.2 V (Fig. 7b), show peak IVc at
approximately /0.1 V, the height of this peak decreas-
ing with the number of cycles. The charge of peak IVc
resulting from the first voltammogram is qIIIc#/264
mC cm2 and decreases on cycling to attain an almost
constant value qIIIc#/30 mC cm2 after 8/10 cycles.
TM voltammograms of gold in 1 mM TU/0.5 M
sulphuric acid in the potential range of peaks IVa/IVc,
run at 0.5 V s1, Am/0.040 V and f/1 kHz, display a
voltammetric envelope with a capacitance contribution
of 50 mF cm2 at El//0.6 V, 80 mF cm2 at Eu/0.2
V, and a pair of almost mirror image conjugated current
peaks (Fig. 8a). The charge of these peaks is symme-
trically distributed with respect to the null baseline
current. This voltammogram provides a clear indication
of a fast redox surface reaction at approximately /0.2
V.
Seemingly, the pair of peaks IVa/IVc (Fig. 7a)
involves the fast electrodesorption of adsorbates that
were accumulated on gold either spontaneously under
open circuit conditions, or by potential cycling in the
range of the TU/FDS redox couple. The electrodesorp-
tion of those adsorbates, which is accompanied by the
discharge of hydrogen ions, results in a partial inhibition
of TU electro-oxidation, probably caused by residual
sulphur-species formed in the /0.2 to 0 V range.
TM voltammograms were also run at 0.05 V s1,
Am/0.040 V and 0.10/f 0/3 kHz. Thus, for constant f ,
the voltammograms exhibit a slight potential shift
between the anodic and cathodic peaks and a symmetric
distribution of the corresponding charges. From the
modulated current peaks, the pseudocapacitance was
determined as Cs/Ip/vm, where Ip is the height of the
current peak and vm/2fAm, is the scan rate of the
modulating signal. The log Cs versus log vm plot (Fig.
8b) shows a single straight line with a slope /0.5, which
extrapolates to the value of Cs for vm/0.05 V s
1. This
Fig. 7. (a) Voltammograms for gold run at v/0.05 V s1 in 0.5 mM
TU/aqueous 0.5 M sulphuric acid resulting from the following
conditions: (*/) after 20 min cycling between E1/0.15 and Eu/0.8
V; (- - -) first cycle after shifting El to /0.20 V; (. . .) first cycle after
switching back El from /0.2 to 0.05 V; (b) voltammograms related to
TU electosorption on gold run from Erest downwards. 1 mM TU/
aqueous 0.5 M sulphuric acid. 298 K.
Fig. 8. (a) TM voltammogram of gold in 1 mM TU/aqueous 0.5 M
sulphuric acid. v/0.5 V s1, f/1 kHz, Am/0.04 V. (b) Dependence
of adsorbate pseudocapacitance on the modulating scan rate.
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indicates that the fast electrosorption process is mass
transfer-controlled, in agreement with data obtained
from conventional voltammetry.
3.2.2. Voltammetric electro-oxidation of TU adsorbates
The electro-oxidation of TU adsorbates was studied
by first immersing the electrode in TU-containing 0.5 M
sulphuric acid (0.10/cTU0/0.5 mM) at a preset potential
(0.050/Ead0/1.05 V) for the time tad (00/tad0/900 s).
After holding the electrode at Ead for tad, it was
transferred to a second cell containing 0.5 M sulphuric
acid. Subsequently, the voltammogram run from Ead to
1.65 V and downwards to 0.05 V (Fig. 9a) shows a peak
at approximately 1.25 V and a broad anodic contribu-
tion from 1.3 to 1.7 V. On increasing Ead from 0.25 to
0.90 V, for tad/900 s, both the peak at 1.25 V and the
current contribution from 1.50 to 1.65 V increase,
though the latter is less significant. However, once Ead
is set at 1.05 V for tad/900 s, the peak at 1.25 V either
disappears or shifts positively turning into a hump at
approximately 1.30 V, and a peak at approximately 1.45
V. The adsorbate electro-oxidation charge density (qad),
after correction for the charge related to the formation
of the oxygen-containing layer on gold, results in qad#/
6309/0.02 mC cm2, irrespective of Ead.
Alternatively, for Ead/1.05 V and 150/tad0/900 s
(Fig. 9b), the electro-oxidation voltammogram shows
peaks at approximately 1.25 and 1.45 V. The former
tends to decrease and shifts positively as tad is increased,
whereas the latter exhibits no potential shift, but
increases with tad. In this case, qad increases from
approximately 390 mC cm2 to approximately 600
mC cm2 as tad is changed from 15 to 900 s.
These results show that TU adsorbates are electro-
oxidised in a two-stage process, the first stage occurring
from 1.1 to 1.3 V (process I), and the second from 1.3
upwards (process II). Process I prevails for EadB/1.0 V
or tadB/300 s, whereas process II prevails for Ead/1.0
V or tad/300 s. For cTU/0.1 mM, the electro-
oxidation charge depends neither on tad nor on Ead.
This means that as fast TU adsorption on gold proceeds,
strongly bound residues are, at least in part, also
formed. This conclusion agrees with differential capacity
values that have previously been reported [36], showing
a maximum coverage by TU on gold for cTU/1.4 mM
[36]. The weak dependence of qad on tad (qad increases
only approximately 50% for a 60-fold increase in tad)
suggests that the increase in tad probably changes the
nature of the adsorbates rather than increasing their
surface concentration. Therefore, the first adsorbate
electro-oxidation peak (process I) coincides with peak
IIa and can be assigned to the electrodesorption of TU/
FDS as gold complex. The second one (process II)
occurs simultaneously with the formation of the oxygen-
containing layer on gold. The current contribution of
process II involves the electro-oxidation of TU residues.
3.2.3. RDE and RRDE voltammetry
For the electrochemical detection of soluble species
RDE and RRDE voltammetry experiments were per-
formed. The voltammetric behaviour of gold in x mM
TU/0.5 M sulphuric acid (0.10/x 0/50), at v/0.005
V s1, in the range 0.150/E 0/1.65 V under rotation
(5000/v0/7000 rpm) (Fig. 10), exhibits anodic peak Ia
and a hump at approximately 0.95 V followed by peaks
IIa and IIIa, already described in Section 3.2.1. The
reverse scan shows a reactivation of the anodic process
related to peak IIa. On increasing cTU, the heights of all
anodic peaks and humps increase, and their peak
potentials shift negatively and a new small peak Va at
0.5 V begins to be observed. The possible origin of this
peak could be inferred from RRDE data.
On the other hand, when the potential scan is reversed
at 0.9 V, i.e. at the ascending branch of peak IIa (Fig.
10, inset), the anodic current exhibits a hysteresis loop
that is consistent with the electrodissolution of gold via
a gold surface complex.
For cTUE/5 mM (Fig. 11f), single straight line plots of
the height of peaks IIa and IIIa versus v/
1
2/ going through
the origin of coordinates are obtained. This behaviour
indicates that the corresponding reactions are under
mass transfer control, in agreement with results reported
Fig. 9. Voltammograms of TU adsorbate electro-oxidation on gold.
(a) tad/900 s and different tad values; (b) Ead/1.05 V and different
Ead values. 0.1 mM TU/aqueous 0.5 M sulphuric acid. v/0.05
V s1. 298 K.
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above. At lower cTU, the height of peak IIa versus cTU
plots show two straight line portions (Fig. 11a/d), the
first one going through the origin of coordinates. The
crossover appears practically for the same value of v/
1
2/,
but for I/ID increases almost linearly with cTU. This
description can be extended to peak IIIa for cTU0/5
mM, although in this case the straight line always
presents a finite ordinate.
The fact that the finite current at v/0 increases as
cTU is decreased confirms that at least two electro-
oxidation processes are competing in the potential range
of peaks IIa and IIIa. This agrees with the fact that for
constant v , the height of peaks IIa and IIIa increases





2//50 that is observed as cTU decreases (Fig. 11),
indicates that the accumulation of residues at the
electrode surface decreases the yield of the electro-
oxidation processes. Presumably, this effect might be
due to the removal of surface species inhibiting the
reactions related to peaks IIa and IIIa.
The formation of soluble anodic products was also
detected with the RRDE at v/2000 rpm under a linear
potential scan at v/0.001 V s1 from 0.2 to 1.65 V,
setting the potential of the ring at ER/0.2 V. Under
these conditions, soluble species that are formed at the
disk in the range 0.4 to 1.65 V are caught and
electroreduced at the ring (Fig. 12). Potential scans
display a current at the ring that looks like the mirror
image of the current at the disk. Thus, for E /0.4 V, the
cathodic current at the ring increases with the anodic
Fig. 10. RDE voltammograms run at 0.005 V s1 at different cTU
values and v/2000 rpm. The hysteresis loop resulting from potential
scanning between El/0.15 V and Eu/0.87 V is shown (x/1, inset).
x mM TU/aqueous 0.5 M sulphuric acid. ( / / /) x/1; (---), x/5; (*/)
x/10. A/0.12 cm2.
Fig. 11. Height of current peak from gold RDE voltammograms
versus v/1=2 plots at different cTU. 298 K.
Fig. 12. Ring (dotted line) and disk gold electrode (full trace) current
versus potential plots run at 0.01 V s1; v/2000 rpm; ER/0.2 V.
Arrows indicate the direction of the potential scan. 1 mM TU/
aqueous 0.5 M sulphuric acid. 298 K.
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current at the disk. A pair of cathodic peaks at 0.56 and
0.66 V, simultaneously with anodic peaks Va and Ia at
the disk, are observed. Then, the cathodic current at the
ring reaches a plateau at 1.15 V and increases in the
potential range 1.50 to 1.65 V. On the reverse scan, IR
decreases to a minimum at ED#/1.40 V, and later
increases to reach a current plateau at 1.15 V, and
eventually decreases to zero. In the range 0.4 to 0.8 V,
the current ratio results in IR/ID#/0.25, in agreement
with the collection efficiency of the RRDE. This figure
indicates the complete electroreduction of soluble pro-
ducts, either FDS or gold complex ions that were
formed during the anodisation in the potential range
0.2/1.65 V. For E /0.8 V, IR/ID decreases to 0.17, a
figure that indicates a decrease in the yield of the
electroreduction reactions at the ring electrode due to
the formation of products that partially passivate the
disk electrode surface [21].
3.3. FDS-containing solutions
3.3.1. Stabilised cyclic voltammograms
In our work, the voltammetric response of FDS on
gold occurs in the presence of hydrochloric acid.
Accordingly, the voltammetric features of FDS on
gold should be influenced by competitive adsorption
of TU, FDS, water and chloride ions. The cyclic
voltammogram of gold in 1 mM FDS/2 mM hydro-
chloric acid/0.5 M sulphuric acid, run at v/0.05
V s1 between /0.05 and 1.7 V (Fig. 13a), exhibits
the pair of peaks I?a/I?c due to the TU/FDS redox
system, the pair of peaks (II?a/VI?a)/peak VI?c related
to the electrodissolution of gold as Au(I) and Au(III)
chloride complexes [37], and the pair of peaks III?a/III?c
associated with the oxygen-containing layer redox
system. FDS voltammetric peaks are denoted with
roman primes.
The change of Eu stepwise from 1.20 to 1.45 V
increases the height of peak VI?c, but for Eu/1.45 V
peak III?c emerges (Fig. 13b) at the expense of peak
VI?c. It is known [37] that the electrodissolution of gold
in chloride-containing acid in the range 1.0 to approxi-
mately 1.5 V is accompanied by the partial coverage of
gold with an oxygen-containing layer.
When the potential window is limited to the range
0.05/0.85 V (Fig. 14a) only the pair of peaks I?a/I?c,
both preceded by ill-defined humps, can be seen. For
v/1=2/0/0.4 V/1=2/ s/1=2 the height of peaks Ia and Ic, after
baseline correction, increases linearly with v/1=2 (Fig.
14b) and the linear plot intersects the origin of
coordinates, as expected for a conjugated electrochemi-
cal process under diffusion control [33]. For v/1=2/E/0.4
V/1=2/ s/1=2; the plot corresponding to peak Ic exhibts a
second straight line portion with a lower slope. This
behaviour is consistent with that depicted in Fig. 4.
When El is shifted from 0.05 to /0.2 V (Fig. 14c), the
voltammogram shows a small cathodic peak IV?c at
approximately /0.07 V related to TU electrodesorption
similar to that observed for TU-containing solutions
(Fig. 7), although the decrease in height of this peak
during cycling is less significant than for TU.
3.3.2. RDE voltammograms
RDE voltammograms of gold in FDS-containing
solutions run from /0.1 to 1.7 V at v/0.05 V s1
and v/2000 rpm (Fig. 15a) show a single somewhat
asymmetric broad anodic peak at approximately 1.4 V,
covering the potential range 1.0/1.6 V, i.e., where peaks
II?a, VI?a and III?a are seen. The reverse scan exhibits
peak III?c at approximately 1.1 V, and a limiting current
that extends from approximately 0.3 V downwards. The
comparison of the voltammogram depicted in Fig. 15a
with that obtained in quiescent solutions (Fig. 13) shows
that stirring causes the disappearance of peak VI?c (Fig.
15a) and that peak I?c, assigned to the electroreduction
of FDS, turns into a cathodic limiting current (Ic,l) (Fig.
15). This was confirmed by setting Eu/0.85 V, i.e.
where gold electrodissolution, due to the presence of
chloride ions, does not occur [37], and changing the
concentration of FDS. In both cases, the linear depen-
dence of the cathodic limiting current on v/1=2 is verified
(Fig. 15b). Accordingly, as a first approximation, let us
Fig. 13. (a) Cyclic voltammogram of gold in 1 mM FDS (2 mM
HCl)/aqueous 0.5M sulphuric acid (full trace); blank voltammogram
(dotted line). (b) Stepwise increase of Eu form 1.2 to 1.6 V s
1. v/0.05
V s1.
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estimate the value of D for FDS from the slope
DIc,l/Dv/1=2//7.39/106A s/1=2; A/0.12 cm2; n/2
and v#/0.01 cm2 s1, this results in Di/4/10
6
cm2 s1, a figure that agrees reasonably well with the
value 6/106 cm2 s1 that has recently been reported
for FDS in aqueous sulphuric acid [19].
Peak VI?a (Fig. 15a) results from the depletion of
chloride ions caused by gold electrodissolution followed
by gold passivation due to the electrochemical forma-
tion of the oxygen-containing layer [23,31,32]. Conse-
quently, the height of peak VI?a increases linearly with
v/1=2 (Fig. 15b), the corresponding slope being 9.0/
106A s/1=2: This plot exhibits a positive ordinate for
v/0 that coincides with the residual current read at
E/1.6 V in Fig. 15. From these data, after baseline
correction, the value of the diffusion coefficient of
chloride ions 1.4/105 cm2 s1 as reported earlier
[37], is obtained.
3.4. Electro-oxidation of adsorbates from FDS- and
sulphide-containing solutions
To verify the possible contribution of sulphur/sul-
phide adsorption from byproducts from either TU or
FDS formed either chemically or electrochemically
voltammetric runs utilising sulphide-containing solu-
tions were performed. In this case, current peak are
denoted with double roman primes. Under comparable
conditions, both FDS and sulphide-containing solutions
produce adsorbates on gold (Fig. 16a). The voltam-
metric electro-oxidation of adsorbates from FDS is
similar to that resulting from TU (Fig. 9a and b).
Conversely, the voltammetric electro-oxidation of sul-
phide species from 1 mM sodium sulphide/0.5 M
sulphuric acid occurs from 1.3 V upwards, showing
peak IIIƒa and a new peak VIIƒa related to the electro-
oxidation of sulphide/sulphur surface species to sulphate
[38], the latter appearing as peak VII?a for FDS-
containing solutions.
Fig. 15. (a) Cyclic voltammogram of gold in 1 mM FDS (2 mM
HCl)/aqueous 0.5 M sulphuric acid at v/2000 rpm and v/0.05
V s1. (b) Dependance of peak IV?a and limiting current Ic,l on v/1=2:
The Ic,l values plotted were obtained from scans run between 0.7 and
0.0 V to avoid chloride ion influence. Blank voltammogram (dotted
line). A/0.12 cm2.
Fig. 14. (a) Cyclic voltammogram of gold in 1 mM FDS (2 mM
HCl)/aqueous 0.5 M sulphuric acid at different v values. (b)
Dependence of the height of peaks I?a and I?c on the square root of
v . (c) Cyclic voltammogram recorded after changing El from 0.05 to /
0.2 V; v/0.05 V s1.
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On the other hand, runs in the range 0.1/0.6 V made
for gold in 1 mM sodium sulphide/0.5 M sulphuric
acid exhibit practically no current (Fig. 16b). Contrarily,
for El//0.08 V, a clear cathodic current peak IVƒc is
recorded, the corresponding value of qc being close to
3759/20 mC cm2. Peak IVƒc corresponds to the electro-
desorption of sulphur as polysulphides from gold
according to [38]
(Sx1)ad2e
 0 (S2x1)ad (2)
In principle, one would expect that peaks IVƒc and
IVc (Fig. 7) would be related to the same adsorbed
sulphur species. However, the voltammetric behaviour
of peak IVc differs from that of peak IVƒc as the latter
exhibits no conjugated electroadsorption peak (Fig. 7,
peak IVa). It should be noted that voltammetric
electrodesorption of sulphur species, TU and alka-
nethiols from gold appears at almost the same potential
range [39], a fact that is not surprising if one considers
that the electrodesorption Gibbs energy is dominated by
the strong sulphur/gold interaction energy [40,41].
4. Discussion
4.1. Preliminary considerations
The electrochemical kinetics of gold in TU- and FDS-
containing acid solution involves a number of processes
occurring in the range of potential /0.25 to 1.7 V, most
of the relevant processes following mass transfer kinetics
influenced by the presence of different adsorbates. At
low potentials (/0.25 to 0.2 V) one can distinguish
chemical adsorption and electrosorption of TU and TU
derivatives leading to the formation of adsorbates acting
as precursors of the following reactions. At intermediate
potentials (0.2/0.9 V), gold electrodissolution/electro-
deposition from soluble gold complex ions, electroche-
mical oxidation of TU and electroreduction of FDS are
observed. Finally, at high potentials (0.9/1.7 V) pro-
ducts from the preceding reactions are electro-oxidised
and the gradual passivation of gold, caused by residual
products from electro-oxidation reactions, takes place.
In this range of potential there is a competitive forma-
tion of strongly bound adsorbates from TU, FDS and
water, their electro-oxidation producing higher oxida-
tion byproducts, such as sulphate and cyanamide [42/
44], as well as soluble gold complex species. It should be
noted that gold electrodissolution via the formation of
soluble [Au(TU)2]
 complex ions occurs in both
potential regions. The soluble product can be isolated
as [Au(TU)2]2SO4 crystals that exhibit a triclinic struc-
ture with four distinct [Au(TU)2]
 ions per asymmetric
unit with nearly linear S/Au/S bonding, having a
conformation close to that found for chloride salt [17].
The pK value of the complex ion is 21.7 at 298 K [45],
i.e. its stability is relatively high as compared to copper
(pK/15) and silver (pK/13) TU complexes [45].
4.2. The rest potential of gold in TU-containing acid
solutions
The value of Erest for gold in TU-containing 0.5 M
sulphuric acid lies in the potential range of the TU/FDS
redox couple, and it decreases as cTU is increased. The
Erest versus log cTU plot (Fig. 1) fits a reasonable linear
dependence with a slope /0.0909/0.01 V decade1 for
cTU/1 mM and a non-linear dependence approaching
a slope /0.120 V decade1 for 0.25B/cTUB/1 mM with
a slight influence of oxygen gas saturation. For cTUE/1
mM, the same relationship is obtained when the gold
complex ion concentration in the solution is controlled.
The redox reaction describing the electrochemistry of




with E0?/0.389/0.010 V at 298 K [46]. However, the
values of Erest for gold in TU-containing acid solutions
Fig. 16. Voltammograms of FDS and sulphide adsorbates electro-
desorption that are formed at open circuit for 30 s. 1 mM FDS/
aqueous 0.5 sulphuic acid (dashed line); 1 mM sodium sulphide/
aqueous 0.5 M sulphuric acid (full line). (b) Cyclic voltammograms
of gold in 1 mM sodium sulphide/aqueous 0.05 M sulphuric acid.
El//0.08 V, Eu/0.75 V (dotted line); El/0.05 V, Eu/0.75 V (full
line). v/0.05 V s1.
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are close to those related to the reversible redox reaction
FDS(aq)2H(aq)2eX2TU(aq) (4)
with E0/0.42 V at 298 K on platinum [30,47/49],
irrespective of pH for 00/pH0/4.3 [47], in contrast to
the prediction of reaction Eq. (4). It should be noted
that for reaction Eq. (4) on platinum the exchange
current density is the range 2.1/1060/j00/14.7/
106A cm2, and the anodic transfer coefficient aa#/
0.8 [30,49]. These data are consistent with the inter-
mediate kinetics of reaction Eq. (4) as concluded from
data presented in Sections 3.2.1 and 3.2.3. Nevertheless,
considering that there is a partial voltammetric over-
lapping of processes (3) and (4), explanations advanced
for Erest should be revised in terms of a global process
involving both reactions and taking into account that, in
the range of Erest values the gold surface in mostly
covered by TU adsorbates. In this case, the equilibrium
potential of gold in TU-containing aqueous acid solu-





where the subscript ad stands for adsorbed species from
TU.











and the slope of the Erest versus cTU plot results in
/2.303(3RT /2F ), i.e. /0.090 V decade1, which fits
the experimental data for cTUE/1 mM, as well as data
reported in previous work [46,50].
Conversely, as cTU0/0, the formation of neither FDS
nor gold complex ions would be favoured, and then the
potential would be determined to a great extent by the
adsorption equilibrium of TU on gold, i.e. by the ratio
u /(1/u ), where u refers to the degree of surface
coverage of gold by adsorbates. Accordingly, the devia-
tion of the Erest versus cTU plot towards positive
















Therefore, from the preceding analysis, for 00/cTU0/
1 mM the limiting slopes resulting from the Erest versus
log cTU plots are / as the gold complex ions
concentration approaches zero (cTU0/0), and
/2.303(2RT /F ) for [Au(s)]/[Au(TU)2]
/constant, the
latter slope being approached in the range 0.250/cTU0/
1 mM (Fig. 1).
4.3. Electrosorption and electrodesorption of TU
According to SERS [36] and STM imaging [22] data,
the adsorption of TU on gold takes place with TU in a
perpendicular orientation with the sulphur atom in the
coordinating position. Same results have been reported
for silver [51], copper [51] and iron [52] electrodes using
FTIR and Raman spectroscopic techniques. The per-
pendicular adsorption of TU should involve its tauto-
meric form [53], i.e. with the sulphur and carbon atoms
singly bonded to each other producing a thiol-type
molecule. Then, as usually occurs with thiols [1,54], the
TU molecule spontaneously adsorbs on gold as follows
TU(aq)Au(s) 0 Au(TU+)adH
(aq)e (9)
where TU* stands for a deprotonated TU adsorbate. As
far as reaction Eq. (9) is concerned, the voltammograms
exhibit the pair of peaks IVa/IVc in the range /0.25 to 0
V (Fig. 7) associated with a fast electrosorption process
as shown by TM voltammetry (Fig. 8). The potential
range where this pair of conjugated peaks is observed
correlates with the potential window in which TU
adsorbates on gold have been STM imaged [22]. As
the potential is shifted to E /0.3 V (Fig. 3), the
adsorbate can be electro-oxidised yielding soluble FDS
species (peak Ia). At the same time, the packing of the
adsorbed TU layer on gold can increase and eventually
produce adsorbed FDS [22] when TU adsorbates react
with TU molecules from the solution.
TM voltammetry data for reaction Eq. (9) over the
whole range of f show peaks IVc and IVa. The charge
ratio of these peaks is close to 1, with a slight difference
between their peak potentials (Fig. 8a). However, the
corresponding charges decrease as f is increased fitting a
reasonable linear log Cs versus log vm dependence with a
slope /0.5 (Fig. 8b). This dependence, which extends to
data from conventional voltammetry, indicates that the
kinetics of reaction Eq. (9) are largely limited by mass
transfer of TU molecules from the solution. On the
other hand, the anodic and cathodic reactions might be
not strictly symmetric processes, as has been observed
for alkanethiol electrodesorption from gold (1 1 1) [55].
The electroreduction process is related to surface
species that have been already adsorbed under open
circuit conditions (Fig. 7) and mostly removed from the
surface during the first negative scan from Erest to /0.2
V. For Ead/Erest and tad/20 min, the charge related to
peak IVc during the first negative scan (Fig. 7) is 264
mC cm2, a figure close to the monolayer charge
assuming 1 e per site per molecule. Therefore, the
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fast electrochemical reaction related to peak IVc can be
assigned to the electrosorption/electrodesorption of TU
according to Eq. (9). This is consistent with FTIRS data
reported for TU adsorption on copper in acid, which
indicates that the partial desorption of TU occurs for
E B/Erest and that this desorption has a reversible
character [56].
The maximum coverage of gold by TU adsorbates is
reached under open circuit for t /900 s. Repetitive
scans between /0.2 and 0.9 V decrease the amount of
adsorbed TU molecules on gold due to the formation of
FDS and soluble gold-TU complex ions. Correspond-
ingly, the charge of peak IIIc gradually decreases
approaching a limiting value as the stabilised voltam-
mogram is attained. The stripping of adsorbed TU
molecules also results in inhibition of FDS formation.
This effect is clearly observed when El is switched back
to 0.05 V (Fig. 7a). Likewise, as the number of potential
cycles between 0.05 and 0.9 V is increased, the concen-
tration of adsorbed TU increases. Then, reaction Eq. (9)
is no longer operative, and peaks Ia/Ic appear again. It
should be noted that peak IVc is also found for 1 mM
FDS/0.5 M sulphuric acid, although its charge is
significantly lower than that determined from TU.
This effect is due to the low concentration of TU
resulting from the electroreduction of FDS.
The comparison of preceding data to those resulting
from 1 mM sodium sulphide/0.5 M sulphuric acid
(Fig. 16b) allowed us to conclude that reaction Eq. (9)
represents the major contribution to peak IVc, although
a minor influence of sulphur adlayer electro-reduction
cannot be completely discarded considering the slow
chemical decomposition of TU and FDS in aqueous
solutions [57].
4.4. Likely TU/FDS and Au/Au(TU)2 redox reactions
The formation of FDS from TU electro-oxidation
occurring simultaneously with the electrodissolution of
gold via reversed reactions Eqs. (4) and (3), respectively,
agrees with the dependence of Erest on cTU (Fig. 1) and
recent FTIRS data [21]. According to the preceding
discussion, these reactions proceed with the participa-
tion of adsorbates, as concluded from their mass
transfer kinetics influenced by the formation of adsor-
bates (Fig. 3). These complex processes resemble those
that has been observed for copper electrodes [29].
The participation of TU and FDS adsorbates in the








The presence of adsorbed TU or FDS has been
confirmed by STM imaging [22]. Accordingly, from
reactions Eqs. (10) and (11) the following equilibrium at
the interface would be established
Au2(FDS)adX2Au(s)FDS(aq) (12)
Reactions Eqs. (10) and (11), are responsible for the
appearance of peak Ia at approximately 0.6 V (Fig. 3).
These reactions behave as quasi-reversible processes,
their kinetics being determined by the diffusion of TU
from the bulk of the solution (Figs. 4 and 6), and
strongly influenced by the presence of adsorbates. This
conclusion is consistent with the relatively large (/ 0.1
V) peak potential difference between peaks Ia and Ic
(Fig. 3).
Mechanisms for TU electro-oxidation that have
previously been proposed imply the presence of radical
intermediates [4,30]. However, although the existence of
free radicals has been concluded from electron spin
resonance data during the homogeneous oxidation of
TU by hydrogen peroxide [58], at present, there is no
direct evidence of free radicals during the electrochemi-
cal oxidation of TU on metal substrates [4].
The preceding discussion can be extended to the
electroformation of soluble gold complex ions. Accord-
ingly, this reaction can be described as two consecutive
electron transfer steps, the first one being the electro-
adsorption of TU according to reaction Eq. (9) followed




Considering that the electrodissolution of gold in TU-
containing environments can be favoured by the pre-
sence of an oxidant in the solution [8], as FDS has been
reported to be an efficient oxidant at pH B/1.7 [19], the









The electroreduction of both FDS and gold com-
plexes is a competitive process (Fig. 5), its relative
voltammetric charge contribution depending on v . As v
is decreased, the electrodissolution of gold prevails over
the formation of FDS, as results from their electro-
reduction charges (Fig. 5). This is in agreement with the
approximately 100% gold electrodissolution efficiency
that has been found under potentiostatic conditions for
E B/0.3 V [18].
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The soluble gold complex is electroreduced during the
negative potential scan resulting in the appearance of
peak IIc (Fig. 3). This peak increases as cTU is increased
from 1 to 10 mM, and disappears as Eu is decreased
from 0.95 to 0.65 V (Fig. 3b and c). Peak IIc is absent in
the voltammograms from FDS-containing solutions
(Fig. 4). In this case, the formation of gold complex is
expected to be quite low so that contribution of peak IIc
is likely to be obscured by the electroreduction of FDS
itself.
4.5. Further electrochemical processes for E /0.9 V
From 0.9 V upwards, the voltammograms of gold in
TU-containing solutions exhibit a current increase that
eventually results in the appearance of two peaks, one
just before the threshold potential of the oxygen-
containing layer formation on gold, and another one
in the potential range where a full oxide layer from the
discharge of water on gold is produced (Figs. 2 and 10).
The height of peaks IIa and IIIa increases linearly with
v , although the slope of these lines does not change
proportionally to cTU, because of the blockage of the
electrode surface by adsorbates resulting from further
electro-oxidation of TU and FDS. The hysteresis loop
shown in Fig. 10 inset, indicates that the electrodissolu-
tion of gold (peak IIa) is hindered by the passivation of
the gold surface [18], as concluded from RRDE experi-
ments (Fig. 12). Below 1.3 V, when the electroreduction
of the oxygen-containing layer on gold commences, the
reactivation of the gold electrodissolution reaction takes
place.
For E /0.9 V, the electro-oxidation of surface species
can be explained in terms of processes I and II, referred
to in Section 3.2.2. Process I is related to the appearance














On the other hand, process II is associated with the
anodic formation of soluble products via the anodic
stripping of adsorbates. The voltammetric electro-oxi-
dation of TU, FDS and sulphide adsorbates (Figs. 9 and
16) indicates that at high potentials, soluble sulphate
appears as a common product. Then, process II can be








It should be noted that FDS in acid solutions is rather
unstable and slowly decomposes irreversibly into ele-
mental sulphur and cyanamide [8,10], which eventually
results in the formation of adsorbed residues that are
electro-oxidised at E /1.2 V (Fig. 9). In fact, STM
imaging of gold(1 1 1) in TU-containing perchlorate
solutions has shown that sulphur octomers are produced
on the electrode surface at potentials above those
corresponding to the electro-oxidation of TU to FDS
[22].
Reaction Eq. (18) is accompanied by the simultaneous




The electroreduction of this adlayer takes place for
E B/1.3 V (peak IIIc). The kinetics and likely mechanism
of this reaction have been extensively described
[23,31,32].
The voltammetric charge ratio of TU adsorbate
electro-oxidation (reactions Eq. (16)/Eq. (18))/electro-
reduction of oxygen adlayer (reaction Eq. (19), in the
reverse direction) is 6.5, a figure higher than the value of
approximately 3 experimentally found (Fig. 9). This
difference can be explained by the formation of soluble
products from TU in solution with a lower oxidation







The presence of CN-containing species has been
confirmed from FTIRS data of TU electro-oxidation
on platinum [42] and more recently CN bands have been
observed from FTIRS spectra related to the electro-
oxidation of TU on gold in acid [21].
According to the reactions above, the complete






The products in solution (sulphate and carbon
dioxide) have been recently found by in situ FTIRS [21].
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5. Conclusions
(1) For cTU/1 mM, the equilibrium potential of gold
electrodes immersed in TU-containing sulphuric acid
solutions is determined by an electrochemical reaction
involving adsorbed TU, FDS and soluble [Au(TU)2]

complex species. The slope of the Erest versus log cTU
plot is /0.090 V decade1. For cTUB/1 mM, the slope
of this plot increases approaching a value of /0.120
V decade1. This can be explained by the equilibrium
involving adsorbed TU and [Au(TU)2]
 complex ions.
(2) The electrosorption process of TU on gold
involves fast electron transfer reactions producing TU
adsorbates under diffusion control, as concluded from
TM voltammetry. Adsorbed TU species act as precur-
sors of FDS formation and gold dissolution.
(3) The electro-oxidation of TU and the electrodisso-
lution of gold in the presence of TU are competitive
processes. Both reactions proceed under mass transport
control influenced by adsorbates produced on gold.
(4) The main electro-oxidation reactions are accom-
panied by the formation of surface species, i.e., sulphur-,
CN- and O-containining adsorbates that interfere with
the kinetics of these electro-oxidation reactions.
(5) Sulphur and CN-containing surface species are
electro-oxidised for E /1.2 V yielding sulphate, carbon
dioxide and nitrogen.
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